Abstract: Several ion channels can be randomly and spontaneously in an open state, allowing the exchange of ion fluxes between extracellular and intracellular environments. We propose that the random changes in the state of ion channels could be also due to proteins exploring their energy landscapes. Indeed, proteins can modify their steric conformation under the effects of the physicochemical parameters of the environments with which they are in contact, namely, the extracellular, intramembrane and intracellular environments. In particular, it is proposed that the random walk of proteins in their energy landscape is towards attractors that can favor the open or close condition of the ion channels and/or intrinsic activity of G-protein-coupled receptors. The main aspect of the present proposal is that some relevant physicochemical parameters of the environments (e.g. molecular composition, temperature, electrical fields) with which some signaling-involved plasma membrane proteins are in contact alter their conformations. In turn, these changes can modify their information handling via a modulatory action on their random walk towards suitable attractors of their energy landscape. Thus, spontaneous and/or signal-triggered electrical activities of neurons occur that can have emergent properties capable of influencing the integrative actions of brain networks. Against this background, Cook's hypothesis on 'cell sentience' is developed by proposing that physicochemical parameters of the environments with which the plasma-membrane proteins of complex cellular networks are in contact fulfill a fundamental role in their spontaneous and/or signal-triggered activity. Furthermore, it is proposed that a specialized organelle, the primary cilium, which is present in most cells (also neurons and astrocytes), could be of peculiar importance to pick up chemical signals such as ions and transmitters and to detect physical signals such as pressure waves, thermal gradients, and local field potentials.
Introduction
A research area of basic importance in neuroscience involves the spontaneous oscillations of neural plasma membrane potential and the clarification of how such oscillations are generated and contribute to integrative brain actions in physiological and pathological conditions (Bevan and Wilson, 1999; Hutcheon and Yarom, 2000; Buzsáki and Draguhn, 2004; Loh et al., 2007) .
Three different levels of neuronal oscillatory activity can be recognized: the micro-scale (activity of a single neuron), the meso-scale (activity of a local group of neurons), and the macro-scale (activity of different brain regions). Oscillatory activities in single neurons are sub-threshold fluctuations of their membrane potential that do not reach the critical threshold value and therefore do not trigger action potentials; however, they may be relevant to cell metabolism and neuronal responses to specific inputs. These oscillatory changes can result from local field potentials, from inputs of opposite sign that can reach the neuron via wiring transmission (WT; see Table 1 for a list of abbreviations) and/or volume transmission (VT), or from the peculiar intrinsic properties of some neurons. It is suggested that ion channel proteins that explore their energy landscapes under the action of physicochemical parameters of the environments with which the plasma membrane proteins are in contact may play an important role in micro-scale oscillatory activities. A similar basic biochemical phenomenon might also be involved in the intrinsic activity of membrane receptors, such as G-protein-coupled receptors (GPCRs). Although these receptors are activated by endogenous agonists, in some instances, they can exhibit agonist-independent intrinsic constitutive activity (Bond and Ijzerman, 2006; Kenakin, 2006; Venkatakrishnan et al., 2013; Peeters et al., 2014) .
Oscillations in plasma membrane permeability can also be observed in other brain cells besides neurons (Amzica and Neckelmann, 1999) . Thus, this phenomenon is probably involved in processing information not only by neuronal networks but also, in general, by complex cellular networks (CCNs), i.e. by sets of brain cells of any type that are capable of integrating multiple inputs to produce appropriate outputs (Agnati and Fuxe, 2000; Marcoli et al., 2015) .
Furthermore, it has been demonstrated that most cells (including neurons and astrocytes) have developed a specialized organelle, namely, the primary cilium, to detect extracellular signals. Thus, these organelles could be of peculiar importance for VT signaling not only to detect (Phua et al., 2015) . From these brief introductory remarks, it clearly results that the following cell plasma membrane specializations and physicochemical parameters should be considered in analyzing oscillations of the plasma membrane permeability: -the molecular features of the plasma membrane micro-domains and of membrane-associated proteins, in particular, at the level of the primary cilia; -the local temperature, especially the action of the uncoupling protein 2 (UCP 2); -the plasma membrane tension, which is cyclically altered by pressure waves due to the cerebral artery pulses and can modulate stretch-sensitive channels; -the ion composition of the intracellular and extracellular environments.
Some main aspects of these plasma membrane specializations and physicochemical parameters that can affect protein conformations will be now briefly discussed. Aspects of the primary cilia molecular networks organization will be presented with some details below (see 'The 'primary cilium' as a specific sensor exploring the external environment of the cell' section). Peculiar types of membrane micro-domains are the so-called lipid rafts (LRs), which have been defined as transient sphingolipid-cholesterol-rich plasma membrane compartments that compartmentalize signaling events (Shaikh et al., 2009 ). Thus, LRs contain unique combinations of signaling pathway components targeted to these discrete membrane locations via their association with anchoring or adaptor proteins or thanks to the lipid composition of that membrane micro-domain. It has been shown that LRs can concentrate ion channels (Martens et al., 2004) and heterotrimeric G proteins and GPCRs (Allen et al., 2007) . Obviously, the co-localization of pathway components permits the efficient transmission of signals between adjacent molecules while avoiding inappropriate cross-talk with other pathways in the cells (Agnati et al., 2007a; Negro et al., 2008) . Furthermore, owing to partitioning into LRs, even a small increase in the local concentration of signaling molecules can cause a dramatic amplification of signaling cascades (Simons and Toomre, 2000) . It should also be pointed out that LRs have special chemico-physical characteristics, particularly fluidity and elasticity (see Niemela et al., 2007) .
As far as local brain temperature is concerned, temperature macro-gradients should be distinguished from temperature micro-gradients. The former are detected between an active brain region and an inactive brain region (Yablonskiy et al., 2000) . The UCP2 is of particular relevance to temperature micro-gradients, as its activation allows protons to enter the mitochondrial matrix without entering the adenosine triphosphate (ATP) synthase; thus, it uncouples mitochondrial respiration from ATP synthesis, causing heat production (Horvath et al., 1999; Agnati et al., 2004) . Temperature gradients have previously been discussed in the context of intercellular communication modes in the brain, as they can operate both as vectors for VT signals and, in themselves, as signals by acting on molecules that are highly sensitive to temperature (Agnati et al., 2005a; Rivera et al., 2006) . The latter phenomenon has been demonstrated in the neurons of the pre-optic area and anterior hypothalamus, which have a non-inactivating sodium channel that is highly temperature sensitive in the hyper-thermal range, with a Q10 that can even reach the value of seven ( Kiyohara et al., 1990) .
Pressure waves generated by the arterial pulses in the cerebral arteries probably induce cyclic changes in plasma membrane tension in most of the parenchymal brain cells. Indeed, as demonstrated by Greitz (2006) , pressure waves generated by the rhythmic cardiac activity pervade and deform the entire mass of the brain. This cyclic phenomenon has profound effects on the dynamics of cerebral blood flow and cerebrospinal fluid (CSF) flow and hence on the migration of signals in the extracellular space (ECS) of the brain (see the 'Tide Hypothesis'; Agnati et al., 2005a Agnati et al., , 2010a . Pressure waves could also exert effects on the stretch-sensitive ion channels present in some neurons and astrocytes (Ostrow and Sachs, 2005; Honoré, 2007) and on the NMDA channels, which respond to plasma membrane tension (Paoletti and Ascher, 1994) . A subject of high relevance could be the effects of pressure waves, CSF composition, and flow rate on the primary cilia (see below 'The primary cilium' as a specific sensor exploring the external environment of the cell' section) of glial cells localized on the ventricle surfaces. In fact, it has been shown that tanycytes project primary cilia on the surface of the third ventricle and can play a role for body weight control and energy homeostasis (Omori et al., 2015) .
The ion composition of the extracellular fluid (ECF), to some extent, mirrors the intracellular ion composition, as pointed out by Beaumont (2014) , who proposed a fundamental role of ECF in the integrative action of the brain. Indeed, according to Beaumont, brain ECF could be regarded as 'a sponge-like 'inverse cell' that surrounds all the cells.' The sponge analogy is very apt, as the ECS is filled up by ECF, in which a dense network of molecules forms the so-called extracellular global molecular network (Agnati et al., 2007a; Marcoli et al., 2015) .
Cook, Carvalho, and Damasio's proposal of a 'cell sentience' linked to membrane excitability Beaumont's (2014) abovementioned proposal underlines how, during neuronal resting and action potentials, sodium and potassium ions shuttle into and out of the cells; this flux of ions is the counterpart to all electrochemical neuronal activity. This relationship among excitable cells, ion fluxes across their plasma membranes, and the physicochemical characteristics of the internal milieu in which they are embedded also provide the basis for an interesting and far-reaching theory recently proposed by Cook et al. (2014) . Indeed, these authors have suggested that 'the influx of positively charged ions during membrane excitability is the unique cellular phenomenon that underlies all aspects of animal psychology.' Furthermore, they underline that this phenomenon was originally nothing other than the detection by cells of a potential physicochemical danger. This deduction derives from the basic and well-known phenomenon of cell homeostasis, which states that cell survival depends on maintaining the intracellular cytosol in optimal conditions, specifically as a mildly desalinated and alkaline medium. Such homeostatic conditions imply that ion transfer across the plasma membrane has to be strictly regulated. This also holds true for excitable cells (receptor cells, neurons, myocytes), which enable a transient cation influx to generate local and/or propagated electrical signals. Thus, transient displacement from homeostasis -which, by itself, if too large and/or too prolonged, is life-threatening -is the trigger of the specific function carried out by all excitable cell types.
In other words, Cook et al. (2014) make the intriguing but logically congruent suggestion that the flow of positive charges into excitable cells is the basic phenomenon underlying cell sentience, which, at its lowest level, is therefore the detection of a potential physicochemical danger for cell survival. Furthermore, they hypothesize that awareness in multi-cellular organisms is an emergent phenomenon of the integration of the sentience of many cells. Thus, it results from a complex organization of intercellular communications in the nervous system. Data will be presented that support the hypothesis of the central role of cell sentience for the integrative action of the central nervous system (CNS) (see Figure 1 and 'The current proposal on cell sentience' section). It should be noted that the figure suggests that the basic biochemical phenomenon of membrane protein walking in their energy landscape (see 'Protein energy landscape as a basic phenomenon for transmembrane ion homeostasis and signaling over the plasma membrane' section) could play an important role on the spontaneous activity of ion channels and GPCRs and hence also in the spontaneous oscillations of neural plasma membrane potential.
The 'primary cilium' as a specific sensor exploring the external environment of the cell Apart from the flow of positive charges through the plasma membrane, as mentioned above, cells also appear to possess a structure specifically dedicated to the monitoring of their external environment. In fact, a particular cell membrane specialization, namely, the primary cilium (Lee and Gleeson, 2011; Louvi and Grove, 2011; Green and Mykytyn, 2014) , can play a special role in the cellular response to the extracellular environment signals, as it works like an 'intelligent nano-antenna' (Singla and Reiter, 2006) . Thus, such a cellular organelle is capable of recognizing different physicochemical stimuli present in the extracellular environment and of transducing them into specific intracellular signals capable of modulating peculiar cellular functions; in particular, it can play a basic role in neural signaling (Phua et al., 2015) . It is also possible to surmise that a specific extracellular signal can be recognized/decoded by a cognate receptor on the cilium causing a depolarized potential that, in some instances, can be transmitted to the entire plasma cell membrane causing activation of ion channels, hence oscillations of plasma membrane potential (Louvi and Grove, 2011) . Actually, it should be noticed that almost every cell possesses such organelle that appears as a single tiny hair-like structure that protrudes from the plasma membrane into the ECF. Also at brain level, it is possible to distinguish motile cilia that are found only in some cells, such as those lining the brain ventricles (Guirao et al., 2010; Louvi and Grove, 2011 ) from the non-motile primary cilia, which are solitary appendages present in most neurons and astrocytes. Non-motile primary cilia are capable of detecting various extracellular signals and transmit them to the cell cytoplasm (Green and Mykytyn, 2014; Kasahara et al., 2014 The present proposal suggests that some of the main biochemical mechanisms involved in 'cell sentience' are affected by proteins exploring their energy landscape under the action of the physicochemical conditions of the environments in which they are embedded. On the other hand, the phenomenon of cell sentience is causally linked not only to the spontaneous activity of CCNs but also to the intercellular communication processes that allow integrative brain mechanisms. The scheme also indicates that both spontaneous and goal-directed brain activity, by modifying the physicochemical characteristics of the extracellular environment, affects the exploration of energy landscapes by the proteins involved in cell sentience. In other words, a feedback loop links plasma membrane protein conformations, cell sentience, and integrative brain actions.
development and/or function -usually upsetting the function of several organs -have been described as the pathogenic basic event in different human diseases. In particular, some ciliopathy patients display a range of neurological disorders including cognitive deficits (Lee and Gleeson, 2011) , thereby highlighting the importance of primary cilia function within the brain (Green and Mykytyn, 2010) . Let us briefly describe some main structural features of these crucial appendages and then some of their possible functional implications, while for a more detailed description, the reader is referred to several excellent reviews that have been recently published (Louvi and Grove, 2011; Guemez-Gamboa et al., 2014; Malicki and Avidor-Reiss, 2014) . The primary cilium is about 1-5 microns in length and only 200-300 nm in diameter and consists of a ciliary membrane that surrounds an axoneme, composed of nine microtubule pairs (the 9+0 configuration) anchored to a microtubule organizer, the ciliary basal body (Louvi and Grove, 2011) . A schematic representation is given in Figure 2 , where it is indicated that the primary cilium is partially open to the cytoplasm at its base where a functional selective diffusion barrier is in operation (Seeley and Nachury, 2010; Hu et al., 2010) . Active transport is not the only manner by which proteins can enter the cilium (Wei et al., 2015) , as there is evidence that small proteins can diffuse into the ciliary shaft. The limiting factor is mainly the steric hindrance; hence, proteins > 9 nm in diameter are restricted from entering the cilia. Furthermore, it has been shown that cilia proteins can have specialized sequences, the ciliary targeting sequences, which direct the proteins to the ciliary compartment (Malicki and Avidor-Reiss, 2014) . Thus, the primary cilium is a sensing organelle functionally separated from the cytoplasm by the ciliary base, which controls the selective entry of ciliary proteins (Wei et al., 2015) . A peculiar characteristic of primary cilia is the lack of actin cortex underlying the primary cilium membrane As discussed in the text (see also Nachury, 2014) , a special role in the cell sentience can be played by the primary cilium in view of at least four conditions favoring their appropriate cross-talks among signaling molecules: 1. selection of the proteins reaching the cilium thanks a filtering apparatus at the cilium basis; 2. colocation of special signaling molecules in suitable cilium membrane compartments; 3. increased concentrations of signaling molecules in the cilium; 4. specific physicochemical intracilium microenvironment. Left panel: schematic representation of a primary cilium and its main structural peculiarities. For further details, see text and recent reviews (Louvi and Grove, 2011; Malicki and AvidorReiss, 2014; Guemez-Gamboa et al., 2014) . Right panel: schematic representation of the possible relevance of localization of the primary cilia with respect each other and or with respect of some hub structures of CCNs. IFT, Intraflagellar transport; LFPs, local field potentials. (Phua et al., 2015) , suggesting that receptor and ion channel organization within the cilium membrane has a different pattern with respect to the one according to which these proteins are organized in the surrounding cell membrane. It has been proposed that divergent signaling outputs can be delivered by the same ion channel or receptor if localized in these two separate compartments, despite utilizing the same triggering signal (Phua et al., 2015) .
For what it concerns cell sentience, different macromolecular complexes (such as ion channels and receptors) involved in signal detection have been demonstrated in the primary cilium of different cell types. In particular, different subfamily members of transient receptor potential (TRP) channels (TRPP2, TRPP3, TRPC1, and TRPV4 channels) conduct calcium ions (Ca 2+ ) inside the organelle, supporting the proposal that, thanks to these channels, primary cilia are specialized compartments for calcium signaling Delling et al., 2013; Wei et al., 2015) .
It should be noted that these channels are gated not only by multiple chemical factors such as ligands for receptors and intracellular second messengers but also by physical stimuli such as fluid shear and hypo-osmotic cell swelling or local temperature and voltage (Phua et al., 2015) . Thus, they likely play a multidimensional role in cell sentience also in view of the fact that their heterodimer compositions seem to be regulated for a precise tuning to the varying dynamic ranges of the individual input stimuli (Phua et al., 2015) .
Furthermore, it has been demonstrated that GPCRs, such as somatostatin receptor 3 and serotonin receptor 6, selectively localize to neuronal cilia (Handel et al., 1999; Brailov et al., 2000) . Neuronal cilia are also enriched for type 3 adenylyl cyclase (Bishop et al., 2007) . It is noteworthy that different GPCRs can colocalize within the same neuronal cilium forming heteromers (Green et al., 2012) . As discussed above and previously proposed by our group (Agnati et al., 1982 (Agnati et al., , 1983 (Agnati et al., , 2010b Fuxe and Agnati, 1985; Guidolin et al., 2015) , GPCR-GPCR receptor-receptor interactions can lead to changes in ligand binding properties, receptor desensitization, and internalization or can even lead to the activation of completely new intracellular decoding molecular pathways. Thus, it can be surmised that primary cilia possess peculiar horizontal molecular networks (HMNs), and the chemical and physical properties of these appendages suggest that cilia represent a specialized cell organelle capable of integrative actions of extracellular signals and of complex crosstalks with the cell cytoplasm (Nachury, 2014; Green and Mykytyn, 2014) .
The current proposal on cell sentience
Based on the abovementioned pieces of evidence, it is possible to argue that, like the whole organism, cells could be endowed with a general type of 'sentience' provided by ion fluxes across the cell membrane driven by membrane proteins and a specific type of 'sentience' conveyed by some specific membrane specializations such as primary cilia. Our proposal maintains that, by exploring their energy landscape, some classes of plasma membrane proteins (e.g. ion channels and GPCRs) can continuously convey weak threshold or sub-threshold signals to the intracellular molecular networks of neurons and glia cells, thereby favoring spontaneous activity in CCNs. Thus, according to our hypothesis, the activity of some key CCNs is goal-oriented, owing to the preferential conformations of some plasma membrane proteins that favor peculiar integrative actions at the meso-scale and macro-scale levels. Furthermore, the preferential detection and decoding of peculiar extracellular signals at primary cilium level can have marked effects not only on cell development and homeostasis but also on the information handling by the cell (Christensen et al., 2012; Louvi and Grove, 2011; Agnati et al., 2014 ; see also 'The multi facet aspects of cell sentience' section).
Thus, Cook and collaborators' fascinating proposal can be further developed in the context of the biochemical mechanisms that control ion fluxes at the plasma membrane level and of a special cell membrane specialization, the primary cilium.
In addition, it can be surmised that some peculiar plasma membrane proteins are involved in cell excitability via stochastic conformational changes that cause a spontaneous ion exchange between intracellular and extracellular environments and/or the activation of intracellular molecular networks. Indeed, it has been demonstrated that plasma membrane proteins can continuously change their conformations in response to changes in the physicochemical conditions of the environment with which they are in contact (Frauenfelder et al., 1991; Petsko and Ringe, 2004; Tzeng and Kalodimos, 2012) . Furthermore, as mentioned above, the primary cilium can play a special role in response to the extracellular environment signals of the entire cell. In fact, it has been shown that signal detection by the primary cilium can modulate recognition/decoding apparatuses (such ion channels and receptors) located in other cell plasma membrane micro-domains (Singla and Reiter, 2006; Einstein et al., 2010; Christensen et al., 2012; Heng et al., 2014) .
As mentioned above and schematically depicted in Figure 1 , cell sentience (and primary cilium 'intelligent nano-antenna' functions) could be, at least at some extent, the result of membrane proteins exploring their energy landscape under the actions of the physicochemical parameters of the environments (extracellular, plasma membrane, intracellular) in which they are embedded (see 'Protein energy landscape as a basic phenomenon for transmembrane ion homeostasis and signaling over the plasma membrane' section). In fact, suitable conformation changes of these membrane proteins could cause cation fluxes towards the cytoplasm or, especially in the case of GPCRs, the activation of intracellular molecular pathways (e.g. see Adan and Kas, 2003; Berg et al., 2005; Meye et al., 2014) . Thus, it may be surmised that this constitutive GPCR activation (i.e. not ligand-activated) may also be part of the phenomenon of cell sentience.
Thus, we propose that conformational changes in plasma membrane proteins exploring their energy landscape are basic phenomena common to most of the biochemical mechanisms involved in cell sentience and that a further crucial role is played by the nano-antenna manifold functions of the primary cilia. As shown in Figure 1 Protein energy landscape as a basic phenomenon for transmembrane ion homeostasis and signaling over the plasma membrane As pointed out by Petsko and Ringe (2004) , proteins are the most versatile macromolecules in the cell, being capable of large-scale conformational changes that depend on a delicate balance between structural stability and flexibility.
Proteins mediate the transmission of signals along intercellular and intracellular pathways and between the exterior and the interior of a cell. The dynamic properties of signaling proteins are crucial to their functions. A central tenet is that proteins fluctuate among many states in evolutionarily selected energy landscapes and that their exploration of the energy landscape is influenced by the physicochemical conditions of the environments in which they are embedded. Thus, proteins can take on different conformations in order to perform different functions, and the conformational ensemble is described by means of their energy landscape. According to Nussinov and Tsai (2015) , an energy landscape is a map of all possible protein conformations as a function of their corresponding energy levels, on a two (or three)-dimensional Cartesian coordinate system. This map encompasses both the native conformation and any non-native conformations that can be sampled. Extension of the free-energy landscape description to biological function is based on the recognition that the landscape is dynamic because it depends on the binding of ligands and/or on other environmental physicochemical events (Nussinov and Tsai, 2015) . Motlagh and collaborators have pointed out that the energy landscape can be smooth, with many accessible states in its conformational ensemble; or discrete, with few states; or something in between, and each of these scenarios can provide its own biological advantage. However, stabilities and coupling energies in proteins are generally very modest, suggesting that no single state, or set of allosteric states, will necessarily dominate the ensemble (Motlagh et al., 2014) .
It should be underlined that, in a protein network, upstream signals can remodel the energy landscapes of downstream partners via allosteric protein-protein interactions that allow the progression of information in that network. The next step in information handling is the integration of multiple signals by these complex molecular networks. This step requires investigations into the functional organization of cellular signaling pathways in space and time and hence multidisciplinary approaches based not only on molecular biochemistry but also on computer modeling (Agnati et al., 2007b; Smock and Gierasch, 2009; Guidolin et al., 2011a) . As mentioned above, membrane proteins exist in equilibrium as ensembles of conformational states rather than as single static structures. Spontaneous fluctuations can affect the allostery and function of proteins and their assembly with other proteins (see Agnati et al., 2005b; Wrabl et al., 2011) . Indeed, many proteins self-associate into assemblies composed of two or more monomers, and multimeric proteins could work as 'switches' that regulate metabolic reactions or be capable of peculiar signal recognition/decoding processes triggering emergent cellular responses.
In particular, multimeric complexes formed by GPCRs (the so-called receptor mosaics (RMs)) can carry out integrative actions at the plasma membrane level via allosteric interactions (i.e. receptor-receptor interactions; Fuxe and Agnati, 1985; Agnati et al., 1982 Agnati et al., , 2005d Agnati et al., , 2010b . The basic biochemical mechanisms behind this function are the plasticity of the steric conformation of proteins, their 'stickiness' (Pauling, 1953) , and allosteric protein-protein interactions (Changeux and Edelstein, 2005; Changeux, 2013) . Indeed, protein monomers can aggregate and the subunits of a multimeric protein undergo changes, both in their conformation (tertiary structure) and in arrangements of intersubunit contacts (quaternary structure), which take place in response to the binding of other molecules and under the influence of the chemical-physical conditions (e.g. pH, ion activity and temperature) of the microenvironment in which they are embedded. Thus, although the function of a protein is often inferred from a few of its stable conformations revealed by X-ray crystallographic techniques, a deep and complete understanding of its function requires analysis of the changes in populations of its conformational sub-states caused by the dynamic energy landscape upon changes in physical or functional conditions (Liu et al., 2012) . Some of these conformations of plasma membrane proteins can favor ion fluxes across the plasma membrane and/or the activation of receptors and hence the triggering of cytoplasmic molecular pathways.
In view of the main topic of the present paper, a brief mention will be made of the spontaneous activity of only three classes of membrane proteins, namely, the voltagegated ion channels (VGICs), the ligand-gated ion channels (LGICs), and the GPCRs. We will therefore look at the possible spontaneous transient acquisition of the active conformation of these membrane proteins while they are exploring their energy landscape under the actions of the physicochemical conditions of the environments in which they are embedded. The functional relationships among these plasma membrane proteins should be noted (see below and Figure 3 ), in particular, how GPCRs can modify the functional state of plasma membrane channels via intracellular molecular pathways.
Thus, as has previously mentioned, assemblies of plasma membrane molecules can operate as HMNs and hence as 'intelligent interfaces' between the extracellular and the intracellular environments (Agnati et al., 2008; Guidolin et al., 2011a) .
Functional aspects of ion channels and GPCRs
Ion channels are multimeric proteins organized around pores and are capable of rapid conformational modifications (channel gating) induced by a change in the electric Figure 3: Schematic representation of some integrative biochemical mechanisms operating at the plasma membrane level. Details of some experimental support for the present scheme are provided in the enclosed table. It should be mentioned that other interactions between ion channels (of the same or of different classes) and between GPCRs (i.e. physical receptor-receptor interactions in the RMs; see Agnati et al., 2014 ) have also been demonstrated. As discussed in the text, by exploring their energy landscapes, these plasma membrane proteins can be transiently active, allowing ion exchanges between the extracellular and the intracellular environments and altering the functional states of other plasma membrane proteins.
field or by the binding of extracellular or intracellular ligands. Ion channels are found not only in neurons but also in other cell types that selectively control ion fluxes across the plasma membranes. Since the 1970s, the stochastic nature of the gating of single ion channels has been described as 'channel noise', which causes random fluctuations in ion fluxes across the membrane (Linaro et al., 2011) . This creates fluctuations in the membrane potential and spontaneous spikes that also have a significant impact on the propagation and integration of neuronal signals. However, it should be underlined that the impact of channel noise on single neuron dynamics remains poorly understood (O'Donnell and van Rossum, 2014).
Voltage-gated ion channels
These are a class of transmembrane ion channels that are activated by changes in the electrical membrane potential near the channel. These channels tend to be ion-specific, although similarly sized and charged ions may sometimes travel through them. They have a crucial role in excitable neuronal and muscle tissues, allowing rapid and coordinated depolarization in response to a triggering voltage change. In particular, it should be noted that these channels are also present along the axon and at the synapse and allow electrical signals to be directionally propagated in neuronal networks.
Ligand-gated ion channels
These are a group of transmembrane ion channel proteins that are open to allow ions such as Na
, or Cl -to pass along their chemical gradient through the membrane in response to the binding of a chemical ligand, such as a neurotransmitter. These proteins are typically composed of at least two different domains: a transmembrane domain, which includes the ion pore, and an extracellular domain, which includes the ligand binding location (an allosteric binding site). At the synaptic level, they convert the pre-synaptically released neurotransmitter directly and rapidly into a postsynaptic electrical signal. As discussed below, some LGICs are often modulated indirectly by GCPRs via intracellular signals (Harvey and Collingridge, 1993; Waung et al., 2008) .
G-protein-coupled receptors
These receptors mediate cellular responses to various hormones and neurotransmitters and are important targets in the treatment of a wide spectrum of diseases. Several lines of in vivo evidence indicate that some GPCRs exist in a state that allows a tonic level of stimulation (constitutive activity) of cytoplasmic molecular pathways (Purohit et al., 2004 ). This revised model of receptor function includes the concept that the receptor can explore a complex energy landscape comprising various energetically favorable conformations (Samama et al., 1993; Egan et al., 2000; Bond and Ijzerman, 2006; Venkatakrishnan et al., 2013) . Each of these conformations is associated with a different functional state -inactive, intermediate, and active -that can trigger different modulation of various intracellular signaling pathways (Miao et al., 2014) . Accordingly, it has been proposed that all GPCRs, including orphan receptors, show some level of constitutive activity and that their basal activity is essential to normal receptor function (Peeters et al., 2014) . However, conformations involved in constitutive activity may be only a small fraction of the ensemble of possible conformations. Thus, they are the least stable (i.e. least populated) conformations but are nevertheless important for function (Chachisvilis et al., 2006; Deupi and Kobilka, 2010) . In addition, changes in membrane voltage ( Mahaut-Smith et al., 2008) and/or in the pH of the extracellular environment modulate GPCR activation by affecting conformational dynamics and altering their ability to couple to the G proteins (Ghanouni et al., 2000) . Against this background, Meye et al. (2014) have pointed out that two important questions remain open, namely, whether constitutive GPCR activity is tissue-and/or cell-specific and whether constitutive GPCR activity can trigger alternative signaling pathways.
On the role of integrative actions of plasma membrane proteins in cell sentience
Experimental data show that the above-discussed plasma membrane proteins work together in controlling ion exchange across the plasma cell membrane and hence in cell sentience, thereby supporting our proposal of the existence of intelligent interfaces formed by HMNs at the plasma membrane level (Agnati et al., 2008) . Actually, the different classes of ion channels interact directly and/or indirectly (some via the GPCR activation of intracellular molecular networks) and can reciprocally control their actions, allowing precise regulation of ion concentrations across the plasma membrane. A schematic representation of these reciprocal interactions is depicted in Figure 3 , and some details are provided in the table below the figure (see Harvey and Collingridge, 1993; Strijbos et al., 1996; Ben-Ari et al., 1997; Leinekugel et al., 1997; Alagarsamy et al., 1999; Kristufek et al., 1999; Gonzalez-Burgos and Barrionuevo, 2001; Dascal, 2001; Engel and Jonas, 2005; Mahaut-Smith et al., 2008; Waung et al., 2008; Vischer et al., 2011; Agnati et al., 2014) . This brief overview in itself allows us to surmise that cells can have HMNs organized as biochemical apparatuses at the plasma membrane level. These HMNs continuously collect information on the embedding environments and, by integrating these signals, not only make an important contribution to cell homeostasis and sentience but also can be involved in intercellular communication processes. Furthermore, it is also possible to distinguish three different levels of cell sentience that have exaptated during evolution (Gould and Vrba, 1982) , leading to more complex and efficient communication processes and hence to more sophisticated integrative actions in CCNs. Gould and Vrba have pointed out the different role in evolution played by exaptation vs. adaptation. While adaptation refers to a feature produced by natural selection for its current function, exaptation has been defined as a feature that performs a function but that was not produced by natural selection for its current use. However, natural selection may subsequently operate upon such a new function to better adapt it to new environmental requirements. Thus, according to the exaptation concept, it can be surmised that controlled alterations in the maintenance of cytoplasm homeostasis, and hence of cation influxes from the extracellular environment, have been exaptated from basic cell sentience to the emergence of the phenomenon of cell excitability, especially in sensory receptors, neurons, and myocytes. In multi-cellular organisms (e.g. in vertebrates), cell excitability has been finalized to enable efficient intercellular communication modes, which have allowed detailed awareness of the external environment and well-programmed movements. In turn, these emergent capabilities have been the basic components of self-awareness and have allowed optimization of the interactions of the organism with the external environment and with other organisms.
In other words, as schematically indicated in Figure 4 , the basic and probably most ancient goal of the biochemical apparatuses made up of plasma membrane proteins was to maintain cell homeostasis, which necessarily needed some sort of 'awareness' of the physicochemical conditions of the external environment. In a subsequent step, cells became capable of detecting the presence of other cells in the environment and then of communicating with them mainly via exaptation of the biochemical apparatuses that allowed the previous step. Thus, assemblies of cells started to work as a system (cell networks), and VT and WT modes were employed (Fuxe and Agnati, 1991; Vizi, 2000; Agnati et al., 1986 Agnati et al., , 2010a . It can be surmised that during the evolutionary process, the exaptation of the extracellular micro-vesicles took place. Thus, these secreted vesicles, from being an efficient way of discarding cell junk products, became used for an intercellular communication mode (the RT-VT) capable of transiently creating new recognition/decoding apparatuses in the target cells (see Figure 4 and Agnati et al., 2014) .
The multi facet aspects of cell sentience
According to our proposal, cell sentience is based not only on the ion entry into the cell cytoplasm across the plasma membrane ion channels, as suggested by Cook and coauthors, but also on the spontaneous activity of receptors especially of RMs (Fuxe and Agnati, 1985; Agnati et al., 1983 Agnati et al., , 2016 . These phenomena can likely have peculiar importance for the complex functions of multifunctional sensory nano-antenna carried out by the primary cilia (Handel et al., 1999; Brailov et al., 2000; Green et al., 2012) .
In addition, it is suggested that a basic biochemical phenomenon that likely plays an important role in cell sentience, hence also in neurons' spontaneous activity, is the walk of membrane proteins in their energy landscape that, as will be discussed below (see 'From cell sentience to brain sentience through intercellular communication processes in the brain networks' section), is likely oriented towards special attractors.
Let us mention some of the several recent data that underlie the crucial relevance of primary cilia in cell sentience. In fact, as mentioned above, it can be surmised that primary cilium can operate as a specialized signaling platform that facilitates peculiar interactions between receptors and/or signaling cascades to provide exclusive ciliary signals of crucial importance for high-level integrative functions of the entire cell and even, in some cases, of transmitter-identified neuronal systems. Some important findings in the rodent brain are in agreement with such a proposal. In fact, there is not only a marked regional heterogeneity of neuronal cilia length in various brain regions but also a selective response of neuronal cilia with respect astrocytes cilia to transmitter-identified neuronal systems lesions. As far as the regional heterogeneity in neuronal cilia is concerned, Fuchs and Schwark (2004) demonstrated that mean lengths of neuronal cilia could vary between 2.1 μm and 9.4 μm across the 23 regions of the rat brain that they have analyzed.
As far as the selective responses of primary cilia to brain lesions and/or to pharmacology treatments are concerned, Miyoshi and collaborators have carried out two studies of the greatest importance. In the former one, they evaluated the structural response of primary cilia in the mouse brain and in cultured cells to the chronic treatment with the mood stabilizer lithium (Miyoshi et al., 2009) . They found that primary cilia positive for adenylyl cyclase 3 and for the melanin-concentrating hormone (MCH) receptor were elongated in the dorsal striatum and nucleus accumbens of lithium-fed mice, as compared to those of control animals. Thus, these findings demonstrate that psychotropic agents affect ciliary length in the CNS and suggest that at least some of the effects of lithium could depend on its upregulation of cilia length and of cilia-mediated MCH sensing. In the latter study, Miyoshi and collaborators have demonstrated that the neuronal cilia length in striatum can also be modulated by selective lesions of the nigrostriatal dopamine system and by pharmacological treatments affecting dopamine neurotransmission (Miyoshi et al., 2014) . Thus, they demonstrated that 4 weeks after the 6-OHDA unilateral destruction of the dopamine projections from the substantia nigra to the striatum, the primary cilia on the ipsilateral side striatum were about 30% longer than the ones on the intact side. This important finding has been confirmed by ad hoc pharmacological treatments. In particular, it has been shown that the length increase of primary cilia of striatal neurons was completely counteracted by a 2-week treatment (from day 14 until day 27) with the D2 agonist bromocriptine. It should also be mentioned that astrocytes' primary cilia were unaffected by the dopamine denervation of striatum.
The abovementioned findings point to the possible relevance of investigations on the following characteristics of primary cilia: -structural shape, especially primary cilia length, which could be of basic importance for the detection of extracellular environmental signals; -primary cilia signaling molecules concentrations and their assemblage in molecular networks and/or in multimeric complexes; -efficacy and control of cross-talks between the primary cilium biochemical apparatuses and the biochemical apparatuses of other cell organelles;
-topological organization of primary cilia in hub regions of CCNs. In fact, the cilium function, as a specialized antenna, can be highly dependent on its location and possibility of interactions with, e.g. synaptic clusters or even with other primary cilia (see Figure 2 ).
Finally, some intriguing data point to a possible release of extracellular VT signals by primary cilia, suggesting that they could be not only sensory but also secretory organelles. In fact, in some instances, proteins that localize to this structure may function as bi-directional signaling molecules (Kaimori et al., 2007) , and it has been proposed that at the tip of the primary cilium, some polypeptides could be budded off as part of vesicular exosomes into the environment (Baldari and Rosenbaum, 2009 ) acting as RT-VT signals.
From cell sentience to brain sentience through intercellular communication processes in the brain networks
Against this background, it can be surmised that the abovementioned biochemical phenomena play an important role in spontaneous activity, especially in neuronal networks, and also in CCNs in general. In agreement with this proposal, there is growing evidence that oscillations in neural membrane potential are important in a wide range of perceptual and cognitive functions (Moran and Hong, 2011) . Thus, according to our hypothesis, plasma membrane proteins, by exploring their energy landscapes, play a role in these high-level integrative processes. In particular, it has been proposed (Guidolin et al., 2007; Agnati et al., 2007b ) that allosteric interactions occurring in some RMs that are peculiar both for GPCR composition and topological arrangements move towards specific attractors. This biochemical mechanism could be involved in some sort of learning processes already at the plasma membrane level (Agnati et al., 1982 (Agnati et al., , 2002 (Agnati et al., , 2003 (Agnati et al., , 2007a . A formal representation of such a capability has been proposed within the framework of the dynamic behavior of the Boolean networks (Kauffman, 1993 (Kauffman, , 1995 . In this regard, our group has suggested that each GPCR of an RM explores its energy landscape not simply by means of random walking but rather through a computational process (Guidolin et al., 2011b to circulate in the entire receptor multimeric complex, and this phenomenon can occur in the presence, or even in the absence, of a ligand, owing to the possible constitutive activity of some receptors. Thus, it has been surmised that the conformations of the entire RM may continuously walk in a complex energy landscape. However, a peculiar RM (e.g. a closed-loop RM) can preferentially populate certain attractors, thereby favoring the triggering of one or another intracellular molecular cascade and hence could be a component of a change in synaptic efficacy (Agnati et al., 1982 (Agnati et al., , 2005c . In other words, it is very likely that attractors that determine the most populated conformations of some crucial plasma membrane proteins control spontaneous brain activity, particularly that occurring in some CCNs. Thus, a controlled bias in the exploration of the energy landscapes of such proteins can regulate intercellular communication (both WT and VT) and hence the integrative actions of entire CCNs. It could be interesting to investigate if such a proposed phenomenon is in some way related to the electrical activity in cortical neurons that can show stochastic plasma membrane oscillations causing a diffusively wander activity in the neural network ( Figure 5 ). Thus, similarly to our proposal on the allosteric circulation of allosteric GPCR-GPCR interactions in peculiar RMs, Kilpatrick et al. (2013) have proposed that the combined effects of neural network architecture and of the dynamic noise can play a basic role on memory storage when suitable attractors are present. It is also interesting to report the data of Loh et al. (2007) on schizophrenic patients, as these results can give an indirect support to the proposed analogy between the relevance of attractors for the stochastic walk of multimeric plasma membrane proteins in their energy landscape and the spontaneous stochastic electrical activity in neural networks. In fact, it has been demonstrated that if basic attractors show a reduced depth of their basins, the electrical activity of the entire network due to the stochastic spiking of neurons is altered. It can be relevant to underline that such a basin decrease has been demonstrated for NMDA and GABA receptor conductance. Thus, Loh and collaborators suggest that attractor dynamics in a neural network can alter cognitive processes in view of the fact that under physiological conditions, the actions of attractors present in a neural network dynamic can produce stable and appropriate firing of its relevant neurons, hence of the integrative action of the entire neural network.
These aspects (especially NMDA and GABA alterations) can also be discussed in the frame of some biochemical and functional data, suggesting pathological implications of the spontaneous activation of the biochemical mechanisms involved in cell sentience. With regard to ion channels, chanellopathies, i.e. diseases caused by the disturbed functioning of ion channel subunits or of the proteins that regulate them, have been described. These diseases may be either congenital (often resulting from a mutation or mutations in the encoding genes) or acquired (often resulting from autoimmune attack on an ion channel) (Mulley et al., 2003; Kass, 2005; Kim, 2014) . As far as GPCRs are concerned, many GPCRs, including four serotonin receptors, display robust constitutive activation upon the mutation of a single amino acid, indicating that mutations producing inappropriate constitutive activation may be etiological parameters in some diseases (Purohit et al., 2004; Meye et al., 2014) .
Final comments
On the basis of the theory put forward by Cook and collaborators, it has been surmised that 'cell sentience' and 'spontaneous brain activity' are inter-related phenomena and that the primum movens of their inter-relation may, to a considerable degree at least, lie in the concept of plasma membrane proteins exploring their energy landscape.
It should be noted that cell sentience, and hence spontaneous brain activity, is proposed not as a process due simply to random changes in plasma membrane permeability in brain cells, especially in neurons. Rather, it is suggested that this process is, especially in some instances, the result of the 'programmed' walking of plasma membrane proteins towards peculiar attractors under the actions of the physicochemical characteristics of the environments in which they are embedded. Thus, according to our proposal, plasma membrane peculiar attractors could direct intercellular communication processes; hence, they could play an important role in some of the brain's integrative actions. This could be a general phenomenon, as it could play an important role also for the spontaneous stochastic electrical activity in neural networks (see Figure 5) .
Furthermore, as pointed out above, proteins fluctuate among many states in evolutionarily selected energy landscapes, and it is proposed that this process may have emergent characteristics in some multimeric complexes of human plasma membrane proteins. Thus, humans may have emergent capabilities (such as a complex 'predictive psychic homeostasis'; Agnati et al., 2011 Agnati et al., , 2013 owing to the presence of multimeric proteins complexes exploring their energy landscape in a peculiar way and walking towards new types of attractors (Agnati et al., 2013) . It could also be surmised that either alterations in the exploration of their energy landscape by these special classes of plasma membrane proteins or their walking towards inappropriate attractors might alter not only cell sentience but also the integrative actions of neuronal networks. As mentioned above, these alterations can also be present in some neural cortical networks, and whether some functional links between exploration by membrane proteins of their energy landscape and spontaneous stochastic electrical activity in neural networks are in operation (schematically illustrated in Figure 5 ) can be an interesting subject for further investigations (see 'From cell sentience to brain sentience through intercellular communication processes in the brain networks' section and Loh et al., 2007) .
